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Abstract

The biggest cell in the human body, the oocyte, encloses almost the complete machinery to start life. Despite all the research
performed to date, defining oocyte quality is still a major goal of reproductive science. It is the consensus that mature oocytes
are transcriptionally silent although, during their growth, the cell goes through stages of active transcription and translation,
which will endow the oocyte with the competence to undergo nuclear maturation, and the oocyte and embryo to initiate
timely translation before the embryonic genome is fully activated (cytoplasmic maturation). A systematic search was con-
ducted across three electronic databases and the literature was critically appraised using the KMET score system. The aim
was to identify quantitative differences in transcriptome of human oocytes that may link to patient demographics that could
affect oocyte competence. Data was analysed following the principles of thematic analysis. Differences in the transcriptome
were identified with respect to age or pathological conditions and affected chromosome mis segregation, perturbations of
the nuclear envelope, premature maturation, and alterations in metabolic pathways—amongst others—in human oocytes.
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Introduction

Chromosome aberrations which occur along nuclear matura-
tion during oogenesis are the major, but not single, deter-
minants of poor oocyte quality. During its genesis and
differentiation process, the female oocyte coordinates appro-
priate chromosome segregation and ooplasm and molecular
organisation (cytoplasmic maturation). Although the latter
process is poorly understood, it is known to involve a physi-
cal growth of the oocyte, provided by the active synthesis
of macromolecules, proteins and stage-specific and timely
messenger RNAs (mRNA) and their specific posttransla-
tional modification [1]. mRNAs work as templates of genes
which move from the nucleus of the cell to the cytoplasm,
where they will be translated to a series of amino acids to
subsequently form proteins. Therefore, protein expression
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is linked to mRNA quantity, which is conditioned by the
equilibrium of transcription rates (the process of making
RNA copies from DNA gene sequences) and decay. How-
ever, studies have shown that it is not only quantity but post-
transcriptional modifications of mRNAs such as capping,
splicing and polyadenylation that govern mRNA storage,
recruitment, translation and decay during oocyte maturation
and early embryogenesis [2—4]. A global shift in maternal
mRNA translation, which is crucial for meiotic progression,
fertilization, and embryo development, has been reported
to coincide with the oocyte’s re-entry into the meiotic cell
cycle [5]. This switch involves the repression of mRNAs that
are highly active in quiescent oocytes and the activation of
mRNAs that were repressed. In the recent years, the use of
single-cell RNA sequencing (scRNA-seq) technology has
contributed to investigating transcriptional differences in
oocytes [6]. Through the present systematic review, authors
aim to identify quantitative differences in transcriptome of
human oocytes that may link to patient demographics that
could affect oocyte competence.
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Methods
Design and search strategy

A systematic review was performed to allow the identi-
fication, screening, and summary of published research
findings in a structured and reproducible method. Such
analysis was conducted across three electronic databases
(MEDLINE, EMBASE and Google Scholar). A manual
search of original articles was also performed to allow
integration of further studies. The latest search was car-
ried out on 20/03/2023. The search terms used were as
follows: messenger RNA OR mRNA AND profiling OR
gene expression OR transcripts AND quantitative OR
research article AND oocyte OR egg AND quality OR
competence OR development OR maturation OR fertilisa-
tion OR embryo OR outcome AND human.

The study selection process followed the PRISMA
(preferred Reporting Items for Systematic Reviews and
Meta-Analysis) guidance [7]. Search results from the three
databases were compared and duplicates were removed.
Furthermore, results were screened by title and abstract
to establish relevance for the present review. The search
was also performed by a second person to corroborate the
results.

Inclusion criteria for studies were as follows:

e Original research articles, publication in peer-reviewed
journals.

e Recent publication date (2015-2023).

e Include the study of human oocytes and their mRNA
content.

Exclusion criteria for studies were as follows:

e Article not accessible in English.
e Abstracts, reviews, letters and editorials.
e Non-peer reviewed articles.

Quality assessment

KMET score was used to critically appraise eligible arti-
cles as described by Kmet et al., 2004 [8]. This allows
the assessment of quantitative research based on 14 crite-
ria, each of them is scored as “not met/not applicable” (0
points), “partially met” (1 point) or “met” (2 points). The
total score is converted to a percentage (over a maximum
of 28 points). As described by Kmet et al. (2004) a low
cut-off point of 55% was used as an inclusion/exclusion
parameter.

@ Springer

Data extraction and synthesis

Table 1 summarises the study details, including purpose,
methodology, genes studied, cohort description, main
findings and quality assessment score. Quantitative data
derived from the included studies was analysed following
a thematic analysis approach [24], allowing the identifi-
cation across different study designs to be combined and
understood.

Results

The initial search from the three databases resulted in 505
records, once duplicates were removed. After screening by
title and abstract, a total of thirty-two publications were sub-
jected to the eligibility criteria and seventeen were further
appraised using KMET quality score. Fifteen original arti-
cles were included for data extraction and analysis (Fig. 1).

Study characteristics

Table 1 contains the synthesis for the included studies. A
total of six studies were performed in China while other
studies were included for each of the following countries:
United States (n=2), Spain (n=3), Italy (n=2), and Iran
(n=2). The majority (14/15, 93.3%) based their results on
single cell approaches for human oocytes and only one study
used pooled oocytes. Moreover, ten studies performed a
comprehensive sequencing whereas a minority (5/15, 33.5%)
looked into specific genes. The KMET score of the included
quantitative studies ranged from 60 to 92%. The main limita-
tion found were limited sample size, control for confound-
ing variables and lack of report of estimate of variance for
the main results. Oocyte maturation (including regulation of
cell cycle progression and cellular metabolism) is the most
studied theme, being included in twelve out of the fifteen
selected studies. Genes involved in fertilisation, and embryo
development were discussed in four and three research stud-
ies, respectively.

Regulation of the cell cycle progression

Oocyte maturation is the culmination of an intermittent pro-
cess which involves two arrests during the meiotic cycle
(prophase I and metaphase II) together with changes at a
cytoplasmic level. Resumption of the cell cycle is orches-
trated by cytoplasmic factors, but its progress depends on
checks for adequate environmental conditions, DNA integ-
rity, DNA replication completeness and chromosome spindle
attachment [25]. High concentrations of cyclic adenosine



2285

Journal of Assisted Reproduction and Genetics (2023) 40:2283-2295

09

89

8L

19

"OATA UI WNLIJOW
-OpuQ UBWINY [BULIOU
Q) orwitw A[[nJ jouued
[opow ox1A u (7)
-9z1s opduwres payrwar (1)

.wﬁOmﬁdQEOo anss1) uet

-1eAo 10§ oz1s opdureg (1)

*sdnoi3 juarejjIp

Y} UI SAIA000 UT SIOUD

-IQJJIP [ENPIAIPUL QWOS
ysew Aew urjood (1)

papnjout sjuenjed

Aqireay Apyuaredde pue

pro sxeak ¢e-0g ATUQ
() ~oz1s ddueg (1)

*90UQ0SAIONJOUNIWIT
Sursn o3e)s 1949 Je
S0AIqUId pue $9}£000
ur pajo9)ap sem urdjord
8OV'1d "s1s£o01se[q
921y} pUE B[NIOW U0
Ul pajodjep Sem UOIS
-sa1dxe YNJW 8OV 1d
'SOAIqUIR [0 JYSIL 0}
oM} ‘91000 I[N UT
9[qe10939pUN SBM UOIS

-sa1dxe YNYW 8OV 1d

-a3e3s 1sK003s8]q

Y} Je 9[qeId9Iep AJareq
sem YNRIW pue a3els
B[NIOW 9Y) 18 SOAIqUId
Ul QUI[OdP UdY) O}
‘a3e)s oAIquua [[90
JYS10 YY) [IIUN JSBAIOUT
0) ueSoq uay) pue
91084z 031 93000 w1}

Pauld9p VNJW [.LLVOH

‘Ayumyew orw
-se[dojAo ur paajoAur
soua3 jo uorssardxe
oy sydnasip 19jsuen
orwsedol£) ‘dnoi3
UOTJUOAISIUT Y} UT JOU
Inq $9JA900 parnjewr
OIIA UI 9} UI 9SBAIOUL
SISOTOW UT POAJOAUT
SQuan) "s1ayjo 03 dnoi3
195sueny orwse[dojAo

oY) ut 9ased L

Ur 9SBAIOAP %G

'$3914000 a3e1s TN
pue A ur uorssaidxa
Ul paLIBA PUE $3)£500

a3e)s-AD Ul MO[
K[oAne[ar sem (VAL
pup [LYN) U3
PIpOOUD IBI[ONU 0M)

pue ([J0O-LW) duds
POpOIUS [BLIPUOYIOI I

Jo uorssaordxo ueow Y],

sisATeue
VN W 10§ 15£50)s€[q
€ pue soA1quio a3e

-ABI[D  ‘S91K000 [N € SOVId
soA1quio
a3eae9o ¢ Ke Jood
pU® 3NSST) UBLIBAO J[Npe
¢$9)£000 93®)IS AD (09T [LVOH
voyd

dIVN ‘€Sd.L ‘WLV
ALY ‘1909 ‘T1Zavi
‘020dd €Zodd
OYINV ‘92504 LV
‘CIdNE '64dD

JIoJsue) oru
-se[dojko o pue WAL
0 eIl Of) AD 0TT

syuoned 6 “(AD 01
‘TN 6 ‘TN 8) S9IK200 LT VAL ‘TAIN ‘[10D-LIN

soAiquio
pue $91£000 uewINy ur

passa1dxo st (30V'1d)

soK1quio § ogroads-ejudoed
pue 1100 9[Surs YDJb IOUJOUM SUTWISNP OF,
soAk1quie uonjejue[dur
-o1d pue $9)A£000 anssn
SOAIqQUId uewny ur | 1yOH Jo

pue [[90 9[3uIs YDOJb oryoid uorssardxo yNJwW

[PAS] VN W oy

e 9J£000 AD) 9y} Jo I
-nyew orwse[dojAo pue
SNAONU UO 9)JA200 AD
€ 0) oInjew e Jo wsed

[c1]
910C “Te R IT

(1]
910T “Te 0 NI

[o1]
910T “Te 12 eSOy

[6]
ST0T “Te 19 UlAON

LHNA

suone I

ssurpurg

11040D) Neliely)

$9)1A000  -0)45 oY) JuLLIdJSURT) JO
pajood ¥YDd-Lgb 199JJ2 A} AJBN[BAR O],

uoneInjew 9)£500 Jo

119D 2[3uIS  so5e)S SNOLIBA UT S[9AJ]
MDd-Lgb uorssaxdxo jdrrosue],
K3o[opoyIoN Apms jO 9soding

0URIJOY

21098 [ HIND Surpuodsaliod 1oy} yiim 19y1a30) ‘sarpnis oy} JO Yora J0j paqrIosap e s3uipuly pue ‘quduod ‘A3ojopoyiaw ‘9soding sa1pnis pajod[as Y jo Arewwung | a|qel

pringer

a's



Journal of Assisted Reproduction and Genetics (2023) 40:2283-2295

2286

-9z1s o[dwres 3ur
-IOPISU0d [ZH-77] 93k
Jo 93uer 93re (7) 'A30
-[onae AJIT)IQRUI JUS
79 -IJIP Yim sjuaned (1)

-oz1s opdwreg
() "soua3 passaidxa
A[[enuaIoyIp Swos

‘Kyroeded uonesI[ey
pue Kjunjewr 9£200 0)
pajefa1 st uorssardxo
VNYW J7Z 9Sea100p
JuesyIugIs-uou e
pamoys uorssardxo
€dZ 'y pUR T ‘1dZ Wl
95BAI09P JUBOYIUSIS

© POMOYS 2INJeTuT
SNSIOA QINjeW Ul [9A]
uorssaldxe oy3 pue 9[qe
-10910p dIoM YN W

d7Z 11 ‘s914500 2y} ug

"SYNYOU 21om

soua3 passaxdxa [en
“USIPIP %0L< "DAV
MO[ )IM USWOM JIP[O
ur $31£500 U pasearour
oM [DYdd puv

Z80d S unod 9dIy[of
[eNUB MO[ )M USWOM

JI9p[O UuI SK000

Ul PIseaIOUr dIoM
01dVXNd puv SYXNV
‘Aloanoadsar “yNJw
passardxa A[renuaioy
-JIp Cepue LT Ut

sD) Surpuodsax
-100 86 pue (AD 8 ‘TIN

01 ‘TN 08) 934000 g6

CHANA

‘vdZ ‘€dZ ‘TdZ ‘IdZ

SDD puUE SAA000
ur saua3 epronyjed vuoz

[199 9[3uIS YDJ-1.9b Jo uorssardxo yNJw

“OAJISAI UBLIBAO
pue o5e o[ewd) YIm

[+1]
L10T “Te 19 Bsoue)

IO} PaYSI[qeISe Udaq PAI[NSAT UOT)EIYISSE[D uowom ()¢ woij soge)s 1199 9[SuIS pareroosse sagueyd [c1]
78 19K seyuonouny oN (]) 9AISSAI UBLIBAO PUe 93y  [[JN POUWIBAM/POYINIA 9 (1re) Surouanbag ADdb pue Kerreorory swoyduosuen 91£000 L1107 “Te 10 ueSerreg
1A SUOTIBITWI | sSurpury 11040 souan KSoropoyloN Kpmg JO 9soding Q0UAIJIY

(ponunuoo) | sjqey

pringer

Qs



2287

Journal of Assisted Reproduction and Genetics (2023) 40:2283-2295

pringer

a's

IL

6

8L

*SOTIrRUAp
Qwoydrrosuen ay)
puejsIopun IAy3Inj 0}
9z1s o[dwres pasearour
10J PIau ‘s31K000
AqiTeay 0y Afreqrurs
PaAByaq $)K000 SISOLI)
-owopud dwos ()

(Azg-$7) 93 orewoy
ur o3uer paywry (1)

-9z1s o[dwreg

‘sorgoxd YN ut

sa3ueyd 2onpur Aew

uone[nWSs UBLIBAO

pue syuedronred jo A
-[nIayuI payuawndo (1)

oua3
paje[n3arumop Afuo )
SemM ¥Xd "[HAM pue
LLSOW ‘vl ZAVZH
‘¢S0O ‘1dSnd ‘HodV
Surpnpour ‘pojerndaxdn
Q19Mm Jsow ‘sjuaned
SISOLI}UWIOPUD WOTJ
soua3 passardxe A[en
-UQIQIp Apuedyrusdis
0¢ doy a3 3sSuowry

*SWISTURYOOW
UQALIP 914000 BIA PIJBA
-1}0® ST S[[00 eSO[NULIS
ur Aemyed Surreusdis
HO.LON 'sogels

[enue Jo $3}1£500 I
passaidxa A[renuaio

-yo1d zgO7 pue - IN -nueid [/ pue s3}A000 ()8

"UQWIOM 95990
ur ‘paje[nIaIumop
lom JINXL puv LSVO
‘€Al [LSIM.L d1ym
poren3ardn arom
[dSNd PUe Z'IDXD
"uoWoM JYSTOM [euIou
Jo asoy) yIm asoy)
s paredwod uswom
JYSTOMI2A0 JO SaFe)S
uopeINIew JUAIYIP 18
woydrrosuer 914000
ur saguey)) "S[OAJ]
urojoid 9A1OBAI-O pue
‘undoy ‘op1100A1SIn
A posearoul ue pey

UWOM JYSIOMIIAQ

sjuaned

Ayeay G woij s9)A000

1IN 91 ‘siuaned sisoLn
-QWIOpU / WOIJ TN 91

[109 Bso[

pasAeue sem

Surpuodsarro)) ‘uswom

v woly (AD 11 ‘TN
‘81 “IIAL O1) $91£900 6¢

11°D

9[3urg 1y Surouanbos

VN 1ndut mof-enin

(1re) Surouanbag

(1re) Surouanbag 1199 9[8urg bag-vNy

1190 9[3urg
¥Od-1¥b pue Iy vNY
(11e) Surouonbag Induy moT en[ LIVINS

Juaumiom

Ayreay woiy asoy) uey)
9rgoid srwoydrrosuen
JUQIOYIP © JARY SISOLT)
-QWOPUD UBLIBAO [)IM

A bog-1MVINS uowom woiy s91£000 og

OAIA ur Juswido[oaop
Je[nOI[[O] JO sa3®.Is Ay
9AY Je ‘S[[9D Bso[nUERI
pue 914000 uewINY Ay}

Jo sowoydrrosuern ay)

Surrordxa Aq s1soual

-0[noIy[0} Inoy3no1y)

sorureuAp uorssardxa

Quag o) 9sAeue o,

uauwIoMm Jy3rom [euriou

SNSIA HSMM®>>.5>O woty

JUUOD PINY Je[noI[of
pue soyoid uorssardxa

quag 914000 aredwios o,

(L1]
610T ‘T8 12 01119

[91]
810 “Te 30 Sueyz

[s11
LTOT T8 1 [oqany

LHNA

suone I

sguIpurg

J1040D)

sauan) KSo[opoyIeN

Apms JO 9soding

0URIRJY

(ponunuoo) | sjqey



Journal of Assisted Reproduction and Genetics (2023) 40:2283-2295

2288

‘sjuenjed

IOP[O Ul paje[n3aIumop
td A7y "dnoi3 1op[o

ur (A[reonsness jou)
PaseaIoap soua3d
EODVLV pue VIDNS
‘I'TdSd ‘T0OSd
‘1008 “(souds
passaidxa A[[enuaroyip
7S81) 23 Ym sa3ueyd
9ryoid uorssardxa
Quan) ‘sdnoi3 a5e 0)
3uIpI1099€ S)D) UI UOIS
-sa1dxa ouog ur saoud

‘papnjout

age1s IIIN ATUO (€)

‘parpns 2q 03 3y3no

AmIsgur o[ewaj 0}

PaIe[aI SO[qRLIBA QIOIA
L () "oz1s aduieg (1)

'SQDd Ul 95eIs AD

Je pojeAn)oR A[oInjewt

-a1d 9q Aew suonouny

[BLIPUOYD0IIW QUIOS

“[9A9] orwoydriosuer)

3 18 PIR[OSI A[9AT)

-B[aI 21 $93®)S [€)

-uowdo[eAap JUIHI

'SODd UI (ewourored

UBLIBAO) VECAVA

Jo uonen3aidn pue

ddod VOTA ‘I'TCINIIN

-14b 11m uoneprea ‘(Buniqryur-siso

Juopuadaput 10§ pRaN -19W) 7V9ZdAD
6L () "oz1s ordweg (1) Jo uone[n3arumoq

‘uon

-230139S QWOSOWOIYD

10 SYBaIq puBlS A[qNOp

JO YSLI paseaIout

‘INAT Ut (aredar

Jea1q puens a[qno(y

VNQ) dAdd Jo uois

-501dxa19A ) "$914000

AT W (VHQVH pue

[LVOV) s9uad 3[oK)

69 -az1s oidureg (1) sqary jo jusurrredwy

‘pasATeue sHD
Surpuodsarro) (gg<
pue G¢>) a3k o[ewa) 0}
Surproooe sdnoi3 ojur

-IOJIp JUROYIUSIS ON  POPIAIP ‘$91£000 TN 0T

(IMATINCAD)
sjuaned sQDJ ¢ woij
(6:9:L) S94£000 (g
pue uowom Ayifeay /
woij (€:G:9) SAL00 ]

$91£000
OAIA UI 931Y) pue

INAI 22113 Surpnpout
¢$91K000 ueWINY XIS

(1re) Surouonbag

(1re) Surouonbag

(1re) Surouanbag

10%0301d Zbos-1L VIS

sorgoad

orwoydriosuer uo

Paseq $91A000 uewny

ur uorje3aI3es st

QWOSOWOIYO Paje[al

-a3e Jo sIseq Je[nosjouw
9y} puejsIopun OJ,

1190 9[3urg bas

“VNY 07J0§ uoneaQ
‘Aprordnaue 10 HOD®

$914000 SODJ pue
AyIreay uaamiaq uors
-so1dxo oua3 ur sooud

-IQJJIp PUEBISIOPUN O],

1199 d[3uIg

uoneInjew 9)£500 Jur

19D 9[SuIS YOJ-1gb  -1euIpI100o SWSIueyoa

[oz]
020 “"Ie 10 duoreg

l61]
020T “T1e 19 10

[811
610T “Te 12 ovyZ

sguIpurg

LA suonewI]

J1040D)

Reliely)

KSo[opoyIeN Apms JO 9soding

0URIRJY

(ponunuoo) | sjqey

pringer

Qs



2289

Journal of Assisted Reproduction and Genetics (2023) 40:2283-2295

76 PPIMND SEM 11040 AT

IL

6

-own rewndo ay)
Je SuLmnjewr s9JL000

TN JO 2AT}O9PRI 9q
jou Aew ‘sinoy ()¢ 10§

'sagels AD yIm
uostredwod oN "ozZIs
ordwres ‘yoreasar 0}
Suneuop 2105eq p,ISOI
u99q pey $9L000
PasI[IaJuN J1 Jea[oun)

‘[o3e jo s1eak 14
-17] S[ewd) ‘udwom /|
‘oz1s o[dweg () "dnoi3

Snodua3010)oH (1)

‘TING poseaout
s VYY1V pue
SIDAVNY ‘[IDdVNY
Jo uonen3daid() o3k
YIM paje[nsorumop
(Syueprxonue) ;X490
PUe [ XJ¥yd ‘poinjewt
OIIA UI ur J0)e[n3ox
weansdn renuojod e
se [ONG "o5e iIm
PaseaIddp £g7dD O3
S,UQWIOM I UONE[aI
-100 ur uonejuasardar
jdrrosuen ur paSueyo

Soua3 ()0LT I0A0

(T¥aN ‘4LAD 29X0D
"9'1) uone[Aroydsoyd
QATIEPIXO UT PIAJOAUT

soua3 jo uonen3ax

-umo(J "syuanied 1opjo

ur oud3 pojen3axdn

yuel-ysuy e se Dz

'sdnoi3 a3e usamjaq

pajou sem uorssardxo
QuaS [enuAIdHIQ

'$914000 Ut uoIssaidxo
QU3 YIIM SIB[OIIOD
uoneAyew VNA ‘TIA
ur pAe[N3AIUMOP IOM
soua3 passardxe A[en
-uaIdyIp jo Ajofejy
*$91£900 T[N UT Soua3
passardxa 3say3ry oy
Suowe o1om 9991
Pue /OLLd 'TIN 03
paredwos s91£000 TN
ur passaidxa A[ysmy
Sureq se /dgqy
-owo)drIosuen I1ay)

uo paseq paynuapl
Apenbrun 2q ued (I

SA TIN/AD) so3e1s
uoneInjew 934000

(Aep-g1) syuoned /¢
IIN-INAI T€ PU® AD OF

"popn[oxa aram s3Fo
SunoA saryg, ((0g> 9=u
pue £0y< 9=1) ITA T1

(AD 61 ‘TN
LT ‘IINL LT) $91£200 ¢6

8314000 (IIIN-INATD)
panjew ONIA Ul pue

(AD) 93e)s 9[01S2A [BU
-Twrad jo swojdriosuen
9y} uo a3k [euIIRW

JO 303y oy} Apmys o,

1IN JO sainjeusts uors
-so1dxa oua3 pojeroosse
-3urage aye3nsoAur o,

uoneInjew 9)£500
Surmp uonensar ausn

[ec]
120 “Te 32 Youor]

[czl
1202 “Te 19 ueng

(12l
020T “Te 1@ nx

LHNA

suone I

sguIpurg

J1040D)

(11e) Surouanbag bas-yNos
(11e) Surouanbog bas-yNos
(owojdrrosuen)
bas-1IVIA'S pue (ewo
-1Ayyowr) Surouonbos
(1re) Surouenbag  Aynsiq SwoudT S[oYm
sauan) KSo[opoyIeN

Apms JO 9soding

0URIRJY

(ponunuoo) | sjqey

pringer

a's



2290 Journal of Assisted Reproduction and Genetics (2023) 40:2283-2295
Fig. 1 PRISMA Flowchart. )
Summarised detailed the c
database searches, the number o Record;: rfemoved before
f studi d, and the full ki Records identified seresnnig:
of stu 16s screened, a ¢ k] €cords iaentitie > Duplicate records removed
texts retrieved = n=537 (n = 15)
§ Records marked as ineligible
= by automation tools (n = 17)
—
|
Records screened Reports excluded:
n =505 Title (n = 202)
Abstract (n = 271)
=)
i=
c
o T Reports excluded:
Reports assessed for eligibilit
£ P = 82 iglility L » Not human (n = 10)
(7] Not English (n = 5)
Reports assessed for eligibility ——» | Reports excluded:
n=17 KMET <55% (n = 2)
— l
2
= Studies included in review
E (n=15)

monophosphate (cAMP) are imperative to keep the cycle
arrested. Cyclin-dependant kinases (Cdk), together with cyc-
lins, drive the cell cycle forward once cAMP levels decline
[26]. The maturation-promoting factor (MPF) is a Cdk-cyc-
lin complex that targets the nucleoplasm and is activated in
nucleoplasm (such as by SGK1[27]) thus promoting chro-
mosome condensation and nuclear envelope breakdown as
an initial step in prophase I that precedes spindle formation
and progression to metaphase I.

A comparison of expression profiles in 120 GV stage
oocytes with and without cytoplasmic transfer (CT) from
MII-stage oocytes at retrieval day, was performed to evalu-
ate the cytoplasmic effect to promote maturation in imma-
ture eggs [10]. The authors showed that meiosis resumption
involves not only specific gene expression but also has a
time-dependant dimension as culture for 24h of GV oocytes
improved CDC25 and AURKC expression and meiosis pro-
gression compared Day 0 GVs (regardless of CT). Interest-
ingly, expression of DNA repair transcripts (BRCA1, ATR
and ATM) showed to be increased after 24h culture, suggest-
ing that DNA repair was active at that stage, which was not
observed in immature oocytes at the day of retrieval. DNA
repair, rather than apoptosis, was suggested as inhibitors of
apoptosis such as neural apoptosis protein (NAIP) exhibited
increased expression [10]. Related to nuclear maturation,
research has shown that AURK transcripts are overexpressed
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in women with increased body mass index, which could
explain described spindle abnormalities in oocytes (as
shown by Machtinger et al., 2012) [23, 28].

Additionally, overexpression of DPYD (a NADP+
-dependent enzyme encoded with a role in the repair of
DNA double strand breaks) has been reported in in vitro
(IVM) studies, showing that oocytes have compensatory
mechanisms to minimise maturation failure [18]. A study
of nine human MII showed that, the biological processes
that showed the most differential enrichment between old
and young oocytes were those related to ubiquitination and
the ubiquitination-related pathway, including the mitotic cell
cycle and meiosis [22]. The overexpression in older patients
of key transcripts such as CDC34, UBA1, and UBE2C, as
well as the under expression of the hub gene SKP1, are asso-
ciated with an enrichment in the “Ubiquitin-mediated prote-
olysis” pathway. The authors explain that elevated levels of
UBE2C result in the premature activation of the APC and
cytokinesis, hence disrupting the meiotic cycle.

MAPK activity could be inhibited in presence of oxida-
tive stress, and DUSP1 overexpression could play a part in
this cause-effect phenomenon as described in woman with
endometriosis [17]. In the same study, looking at 32 MII-
stage oocytes from healthy versus woman with endometrio-
sis, it was found that WEE1 was upregulated in the latter
group. Together with DUSPI and WEEI, other genes such
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as ID4, GOS2, and CYP26A1 could be useful as markers to
understand meiotic maturation inhibition rates in oocytes
[17, 19]. Using a single-cell transcriptomic approach, obe-
sity resulted in differential gene expression along different
maturation stages [15]. DUSP1 was also shown to be upreg-
ulated together with the inflammatory gene CXCL2 whereas
TWIST1, ID3, GAS, and TXNIP were downregulated. Ovar-
ian proinflammatory signalling is poorly understood in the
context of oocyte maturation.

Relevant to meiosis II arrest maintenance via protein
kinase C (PKC) inhibition, ANXA5 over expression in 36
vitrified/warmed mature oocytes has been hypothesised to
contribute in younger females with good ovarian follicle
count (AFC), which could be a favourable marker linked
with prevention of premature granule exocytosis [13]. Low
AFC, associated with increased risk of infertility, showed
an increased expression of a microtubule-severing enzyme
(Fidgetin, FIGN), which could represent a marker of devel-
opmental quality in oocytes and could be related to oocyte
aneuploidy. Analysis of genes associated to age and genome
integrity on 20 MII-stage oocytes showed a non-significant
decreasing trend of expression of genes belonging to the
cohesin pathway (ESCO1, ESCO2, ESPL1, MAU2, SMCIA,
SMCIB, and STAG3) in the >35 years age group [20]. In
the same research, it was found that REEP4 (encoding for
a microtubule-binding protein) is down-regulated in elder
patients, which could induce chromosome mis segregation
and perturbations of nuclear envelope.

An interesting gene whose expression may respond to
metabolic changes and induce spindle abnormalities is
ECAT]I, coding for a subunit of the subcortical maternal
complex [29]. It has been predicted to be a maternal gene as
its mRNA is highly expressed at the GV stage and decreases
throughout oocyte maturation, being almost absent in pre-
implantation embryos [11]. Its function as a regulator of
the cell cycle has been hypothesised since its downregula-
tion using short interfering RNAs resulted in less oocytes
undergoing germinal vesicle break down (GVBD). Moreo-
ver, it is thought that ECAT1 could impair SAC function as
knockdown model results in higher rates (88%) of abnormal
spindles in MII- stage oocytes compared to the control group
(33%). Securin and beta-tubulin subunit proteins encoding
genes (PTTGI and TUBBS) were highly expressed in mature
oocytes when compared to immature stages, which are rel-
evant to chromosome segregation and maturation progres-
sion [21].

Cytoplasmic polyadenylation plays a critical role in
controlling the stability and translation of maternal-effect
mRNAs during oogenesis. Research has shown that a
decrease in CPEB2 mRNA levels with aging may be associ-
ated with the diminished quality of mature MII oocytes that
were subjected to in vitro maturation, leading to impaired
protein production [23]. The authors also identified the zinc

finger transcription factor BNC1 as a potential upstream reg-
ulator in in vitro matured (IVM) MII-stage oocytes, which
could establish a relationship between deficient nuclear mat-
uration and ageing. In the same study, SON was identified
as another potential master regulator. SON is responsible for
encoding an RNA-binding protein that promotes pre-mRNA
splicing, especially in transcripts with weak splice sites and
those involved in cell cycle and DNA-related processes [23].

Cellular metabolism

Like any other cell type, oocytes require complex sequences
of controlled biochemical reactions in order to sustain life
and viability. An increasing research in metabolomics has
been noted in the IVF field in order to identify and quantify
intracellular and extracellular metabolites to, in turn, define
the environment and understand its relationship with oocyte
competence. Mitochondria are the major site for energy
generation (ATP) in cells since a large number of enzymes
involved in different metabolic pathways are contained
within their matrix (Fig. 2). The cumulus cells in presence of
functional gap-junction communication support the oocyte
with sufficient amounts of pyruvate, lactate, and nicotina-
mide adenine dinucleotide phosphate (NADPH) [30].
Related to the function and mitochondrial performance in
human oocytes, comparison of 10 GV, 9 MI and 8 MII-stage
oocytes revealed increasing levels of TFAM, NRF I, and MT-
COI gene expression along maturation stages [9]. NRFI
and TFAM genes regulate mitochondrial DNA (mtDNA)
copy number, thus providing an adequate energetic pool in
oocytes required for homeostasis maintenance and regu-
lation of survival. Also related to mitochondrial function,
ATPase6 gene has been suggested as a marker of maturation
since its transcript level is higher in IVM compared to imma-
ture oocytes [10]. It is noteworthy to highlight that some
metabolic pathways and related genes have been shown
to be significantly impaired in IVM oocytes [18]. Using
gPCR, authors found that in IVM oocytes compared with
the control group, expression of ACATI and HADHA was
considerably reduced, whereas DPYD expression was high.
ACATI and HADHA genes shared eight metabolic pathways
and their deficient expression resulted in acetyl-CoA and
succinate production blockage, resulting in declining the
energy metabolism. The same study showed that ATP con-
tent of IVM oocytes was significantly reduced with the aid
of immunofluorescence. This aberrant metabolic environ-
ment was also suggested to not only impair ATP production
but also calcium signalling. Interestingly, authors showed a
compensatory mechanism based on nicotinamide nucleotide
transhydrogenase (NNT) transcript level, where NADP+ and
NADH are generated — although this does not correspond
to the predicted transcriptional silencing during maturation.
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Fig.2 Cellular metabolism
interactions. Many cellular
processes need energy for their
correct functioning, including
spindle assembly and stability.
Some genes have been shown to
orchestrate mitochondria copy
number replication, indispen-
sable for homeostasis mainte-
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Mitochondria-related genes such as COX6B1, COX8A,
COX4!l1, and NDUFB9 have been shown to be highly
expressed in healthy MII-stage oocytes compared to imma-
ture oocytes [19]. Remarkably, authors showed that in
patients with polycystic ovary syndrome, immature oocytes
highly expressed those genes suggesting a premature activa-
tion of oxidative phosphorylation process in mitochondrial
function. The aberrant status of mitochondrial energy metab-
olism in this scenario highlighted the connection between
metabolism and oocyte quality. Other research has shown
downregulated expression of genes involved in oxidative
phosphorylation pathways in the context of oocyte age-
ing [22]. Cell-surface receptors such as G-protein-coupled
receptors (GPCRs) play a pivotal role in metabolic processes
as they catalyse the synthesis of cAMP from molecules of
ATP. These GPCRs have been shown to be age-sensitive
in human oocytes [20]. Dysregulated expression could lead
into premature meiotic resumption, thus compromising
oocyte quality as showed in other animal models [31].

Commonly stored in the form of droplets, lipids provide
a vast potential energy reserve in oocytes. The increased
gene expression of apolipoprotein E (APOE), involved in
the metabolism of lipids, has been noted in patients with
endometriosis compared to healthy woman. Given its role
in lipoprotein metabolism and lipid transport, APOE overex-
pression could translate in increased lipid metabolism result-
ing in increased oxidative stress [17]. In the same cohort,
authors described upregulation of GOS2 (mitochondrial
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protein which promotes apoptosis via BCL2) and /D4
(related to decreased cell proliferation). In a different study,
two of the transcripts that showed a decline in representation
in GV oocytes with advancing age were GPX1 and PRDX1,
which play a vital role in safeguarding cells against oxida-
tive damage [23].

Fertilisation

For the female and male gametes to interact, the sperm needs
to overcome the different barriers that the oocyte presents,
namely the cumulus cells and the zona pellucida (ZP) [32].
The zona pellucida is a glycoprotein matrix synthesised
by the oocyte and surrounds it. ZP3 glycoprotein interacts
with receptors in the sperm membrane which will lead to the
fusion of its membrane to the oolema. Fusion of membranes
will trigger molecular changes using calcium as a second
messenger, resulting in meiosis II resumption and fusion
of pronuclei. mRNA expression of ZP genes (ZP1-4) in 98
oocytes at different maturation stages, showed a significant
decrease in ZP 1, 2 and 4 together with a non-significant
decrease in ZP3 expression from GV to MII-stages [14].
Female age has shown a differential transcriptomes
in human oocytes [13]. Increased in expression for the
younger groups, ANXAS5 codes for a protein which inter-
acts with protein kinase C, a key regulator of fertilisation
events. Increased expression of PRRG1, a calcium ion bind-
ing protein gene, was found in older women which could
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impair fertilisation events. Similarly, gene expression altera-
tions induced after cytoplasmic transfer from a mature to
an immature oocyte could lead to calcium impairment,
which could lead to fertilisation failures [10]. Because of its
involvement in the subcortical maternal complex, ECATI
expression levels could ascertain the fertilisation potential
in oocytes, as correct pronuclear formation has been seen to
decrease from 84 to 54% when ECATI gene was silenced
[12].

Embryo development

Oocyte-to-embryo transition is nature’s masterpiece involv-
ing syngamy of the gametes, genetic combination, orches-
trated synchrony of divisions, cell fusion, cellular differentia-
tion, expansion and hatching which culminates in embryonic
genome activation (EGA). The key regulators coordinating
this transition and EGA in human continue to be weakly
understood [33]. Upon fertilisation, the zygote will divide
to form an embryo and by day 3 of embryo development,
human embryos ought to have six to eight cells. Because
of its role in maintaining the accuracy of spindle assembly,
impairment of genes such ECAT]I result in reduced cleavage
rates (abnormal divisions) [11]. Hence ECATI disruption
was not only associated with compromised maturation but
also with embryos which fail to develop. Interestingly, analy-
sis of 39 oocytes from 24 women showed that body compo-
sition may influence mRINA stability and that obesity leads
to an upregulation of proinflammatory-related transcripts in
oocytes, which in turn result in altered gamete and embryo
development [15].

A study analysing oocytes, cleavage embryos and blas-
tocysts revealed that for some proteins which are initially
maternally derived, mRNA expression could sustain their
concentration past EGA [12]. Immunofluorescence for
PLACS protein showed its presence at beyond the morula
stage, although PLAC8 mRNA expression was not detected
in MII oocytes or cleavage stage embryos (PLAXS8 protein
was detected in MII). This protein has been appointed as
a potential biomarker of implantation potential as negative
outcomes are associated with no protein detection [12].
PLACS protein could be related to expansion process once
embryos implant.

Discussion

The present review highpoints the degree of orchestration of
different processes, such as cell cycle progression, cellular
metabolism and activation for zygotic/embryonic transcrip-
tion, in order to establish human oocyte quality.

Looking at oocyte transcriptome, it has been estab-
lished that its maturation stage was the main factor defining

internal composition with almost 6,000 genes differentially
expressed between GV and MII stages [21]. The same group
identified around 450 genes uniquely expressed in single
stages. Although the presence of some transcripts may natu-
rally happen due to progression and arrest of the cell cycle,
others have been shown to be susceptible to external factors
such as female age, obesity and or medical conditions (i.e.
endometriosis). This draws scientists to question how much
of oocyte quality is established from start (“nature”) and
how much relates to cell plasticity changes in response to
external factors during development (“nurture”) as it has
been shown that mature oocytes have been found to be sur-
rounded by cumulus cells with distinct gene expression pro-
files [14].

As female age increases, the percentage of poor-quality
oocytes also increases, starting at 50% at 20 years of age and
reaching 95% at 35 years of age [34]. Literature reviewed in
this article has illustrates the relationship between patient
demographics and chromosome missegregation, perturba-
tions of nuclear envelope and premature maturation. Further-
more, alterations in metabolic pathways have been described
to affect maturation and genetic makeup of oocytes [35, 36].
The present work has reviewed literature showing how some
genes related to mitochondrial activity show upregulation
in mature stages, compared to immature oocytes. Neverthe-
less, in vitro maturation of non-competent oocytes may not
be a viable option at present as such matured eggs showed
some degree of mitochondrial function impairment. Recent
mouse model research suggests that supplementing growth
hormone during in vitro maturation (IVM) of oocytes could
be a potential strategy to improve the success rate of ART by
reducing cAMP levels, promoting mitochondrial function,
reducing DNA damage and apoptosis [37]. Recent literature
has provided improved IVM protocols such as two phase
IVM with pre-maturation steps, e.g. initial GV arrest fol-
lowed by in vitro maturation using EGF-like growth factors
or CNP peptide [38—40]. Such systems, have reported a sig-
nificantly improved maturation and clinical pregnancy rates
versus standard IVM in certain patient cohorts.

Cytoplasmic transfer (CT), from a mature oocyte to an
oocyte with cytoplasmic alterations, has been proposed as a
technique to restore normal growth and function. Although
further evidence is still required, this may only be relevant
when performed between two mature oocytes. Hoseini et al.,
2016 suggested that such technique was not effective to
restore cytoplasmic maturity of recipient GV oocytes [10].

Interestingly, some genes (i.e. ECATI) found in oocytes
were identified to be relevant not only during maturation
but also during embryo development. Moreover, literature
has illustrated how some maternally inherited proteins
(i.e. PLACS) are dynamic and expression may be found
across oocyte and embryo development. Such studies have
described how protein expression may not be necessarily
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related to mRNA expression. Although, measure of RNA
levels up to day 3 of embryo development is not direct proof
of function as this RNA is silent. Recently, new method-
ologies have combined transcriptome and translatome
sequencing to study gene expression in oocytes. Research
has found that translatome could be more accurate measure
of gene expression than transcriptome, especially in cells
that undergo translational regulation like oocytes [41].
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